This paper develops a novel adaptive neural integral sliding mode control (ANISMC) to enhance the tracking performance of fully actuated uncertain surface vessels. The proposed method is built based on an integrating between the benefits of the approximation capability of neural network (NN) and the high robustness and precision of the integral sliding mode control (ISMC). In this paper, the design of NN, which is used to approximate the unknown dynamics, is simplified such that just only one simple adaptive rule is needed. The ISMC, which can eliminate the reaching phase and offer higher tracking performance compared to the conventional sliding mode control, is designed such that the system robust against the approximation error and stabilize the whole system. The design procedure of the proposed controller is constructed according to the backstepping control technique so that the stability of the closed-loop system is guaranteed based on Lyapunov criteria. The proposed method is then tested on a simulated vessel system using computer simulation and compared with other state-of-the-art methods. The comparison results demonstrate the superior performance of the proposed approach.
Introduction
Marine Vessels have been widely utilized in the sea for several major tasks such as transportation, ocean exploration, oil harvesting, etc. [1] [2] . Since the vessels always work in the unstructured and extreme environment, the tracking performance is significantly decreased due to the effects of unmodeled dynamics and external disturbances. Therefore, enhancing tracking control of surface vessels, particularly in the presence of model uncertainties and external disturbances, has been significant and attracted a lot of attention from both industrial and academia.
Several control methods have been developed for uncertain surface vessels. Initially, model-free control methods based on PID or PD controllers have been developed [3] [4] . Intelligent control methods based on fuzzy logic have also been developed for improving tracking performance [5] [6] . However, the employed of the modelfree control methods provide low precision when the system is immersed by high uncertainty and disturbance. In addition, the approaches based on fuzzy logic provides high steady-state error. In order to get higher tracking performance of the system, model-based control methods have been developed. Nevertheless, the performance of the model-based control methods depends hugely on the exact mathematical model of the system, which is difficult to be obtained in practical engineering applications. In the early model based control approach, some control methods such as backstepping control [7] and model predictive control [8] [9] have been developed based on the assumption that the accurate model of the system can be obtained. However, when model uncertainty and disturbance are present, these controllers provide big offset error. Due to the necessity of the exact mathematical model of the system in the design of controller, some efforts have been spent to obtain the accurate model. In [10] , a dynamic model of the vessel has been built by collecting the data from several experiments, and an adaptive control method has been developed based on the identified model. However, this model identification approach is a tedious process and the accurate of the dynamics model depends on the quality and quantity of the collected data. In addition, due to the limitation of the sensors used to collect the training data, the exact dynamic model of the system is almost impossible to get, particularly for the vessels, which are always working in the unstructured and extreme environment. Therefore, the control system for surface vessels must have capability to robust against the effects of the model uncertainty and disturbance. To obtain this aim, some optimal control methods have been developed to deal with the uncertainty [11] [12] . However, the optimization algorithms used in the optimal control usually require high computation. To estimate the model uncertainty in the system, disturbance observer-based controller has been developed [13] [14] . The design of this approach includes two stages. In the first stage, a disturbance observer is designed to estimate the uncertainty in the system dynamics.
Then, the estimated uncertainty is fed back into the controller to compensate for the uncertainty. Due to the twostage operation, the stability of the closed-loop system may meet difficult to be guaranteed.
In the control engineering's point of view, two approaches could effectively compensate for the effects of the uncertainty and disturbance: (i) robust control technique, and (ii) learning technique. In a progress working toward the first approach, several robust control techniques have been developed for the tracking control of surface vessels [15] [16] . For example, in [15] , a robust control scheme has been built based on a combining between the backstepping control technique and a disturbance observer. Even though the system can guarantee the prescribed performance of the system, the designed controller provided weak robustness against the uncertainties and disturbance. In [16] , a distributed consensus robust controller for a group of autonomous underactuated surface vessels has been developed. Sliding mode control (SMC) [17] , which is a well-known robust control technique, has been widely developed for surface vessels to robust against the effects of the uncertainties and disturbance [18] [19] . Generally, the operation of the SMC consists of two phases: reaching phase and sliding phase. In the reaching phase, the system is forced to reach the sliding surface. In the sliding phase, the system is kept to always maintain on it. However, the presence of the reaching phase could decrease the effectiveness of the SMC [20] .
In order to overcome the limitation of the conventional SMC, integral sliding mode control (ISMC) has been developed [21] [22] [23] . Particularly, in [21] , a design and analysis of the ISMC for fault tolerant control (FTC) of the linear systems has been developed. In [22] , a review of the ISMC and its advance techniques has been done. In [23] , a nonlinear integral type sliding surface has been developed for both matched and unmatched uncertain systems. Compared to the conventional SMC, the ISMC would offer three major advantages, as has been pointed out in [24] . First, the system eliminates the reaching phase. This property is particularly helpful for practical applications since it helps to guarantee the physical constraints of the system from the initial position. Second, the effects of the matched uncertainty and external disturbance can be suppressed completely and the amplification of the unmatched disturbance will be avoided. Third, the nominal system (the system without uncertainty and disturbance) decides the behavior of the states of matched disturbance system. However, compared to the conventional SMC, according to the author's experience, the design of the ISMC also meets some drawbacks/difficulties such as: (i) it is difficult to select the appropriate sliding surface to get higher performance, (ii) it meets challenging to reconstruct the nominal controller of the system such that the desired response of the system can be satisfied. Because of the drawbacks, the ISMC has been widely applying for the linear systems, where the nominal controller can be well defined, rather than for nonlinear systems [21] [22] [23] [24] .
Hence, although the ISMC possesses many nice features over the conventional SMC, however, according to the best of the author's knowledge, there are no approaches in the literature to employ this advanced control technique 4 for tracking control of surface vessels. This is because the surface vessel is a high nonlinear system, and therefore it may meet difficult to select the appropriate sliding surface and effectively reconstruct the nominal controller and switching term for the system to reject the uncertainties and disturbance. Hence, more efforts should be spent to push forward this interested control technique for surface vessels.
It should be noted that, like the conventional SMC, the ISMC also provides big chattering due to the use of sign function in the design. In order to eliminate the chattering, several approaches have been developed in the literature. The most popular method is to employ the boundary method [21] . This method, however, causes high steady state error due to the effects of the boundary. An alternative method is to employ the disturbance observer (DO) [25] . The basic idea of this approach is to estimate the uncertainty component using a DO, and the estimated uncertainty is then used to compensate for the effects of the uncertainty in the system using feedforward control technique. Since the effects of the uncertainty and disturbance can be mostly compensated by the DO, the sliding gain of the SMC just needs to be selected as a smaller value, which will significantly reduce the chattering.
Recently, a new method called conditional integral (CI) has been developed to reduce the chattering [26] [27] . In [28] , a fuzzy logic inference mechanism has been developed to replace the sign function in the conventional SMC to reduce the chattering. However, this approach reduces the robustness of the SMC. Another method to reduce the chattering is to employ high-order sliding mode control (HOSMC) techniques [29] .
In the second approach, due to the approximation capability, learning techniques based on neural network (NN) or fuzzy logic have been widely used to approximate the unknown component in the system [30] [31] . The approximation ability has also been applied to approximate the uncertainty of the surface vessels [32] [33] . The benefits of this approach are that the unknown dynamic model of the system can be approximated and compensated online. However, the learning process of NN generates high computational burden in the system. Therefore, in order to effectively employ NN into practical applications, the learning mechanism should be simplified. Due to this demand, some efforts have been spent to simply the learning mechanism of NN using the Young's inequality [34] [35] . In addition, the learning technique based on NN/fuzzy logic provides certain approximation error. This error depends on many factors of the system such as the structure of the selected NN/fuzzy logic, the variation of the unknown function, etc. Therefore, appropriate compensation algorithms are needed to compensate for the NN's approximation error.
Due to the advantages of the SMC and NN approximation, several approaches have been developed to combine the benefits of them [36] [37] [38] [39] . Lately, for the sake of control design procedure, backstepping control technique has been employed into the design of the conventional SMC [40] [41] [42] or the hybrid SMC and NN/fuzzy logic [43, 44] .
In these hybrid approaches, the NN is used to approximate the unknown dynamics model of the system. Then, the approximated NN is used to compensate for the effects of the uncertainty, and the SMC is lastly used to compensate for the NN's approximation error and stabilize the whole system. The backstepping control technique is employed to facilitate the design procedure. In this way, the chattering of the SMC can be significantly reduced like a manner to the DO approach. Although the hybrid control approaches based on the conventional NN and conventional SMC would enhance the tracking performance of the system, however, as the aforementioned drawbacks of the conventional SMC and NN, the existing hybrid systems provided two major drawbacks: (1) the system required the reaching phase like the conventional SMC, and (2) the computational burden of the NN was high. From the benefits of the ISMC and NN, it would be desired to develop a hybrid system that combines the benefits of both. Unfortunately, in the literature, very few efforts have been spent to create this important strategy.
One may claim that it is quite straightforward to employ the ISMC to replace the conventional SMC in the hybrid SMC and NN. However, as aforementioned discussion, this design step has not been straightforward really. Many issues need to be further addressed when employing ISMC into such hybrid system, such as how to reconstruct the appropriate integral sliding surface taking the benefits of the adaptive NN into account?, and how to design effective nominal controller when integrating the adaptive NN into the system?. According to the best of the author's knowledge, there are no existing answers in the literature for the two given questions. Therefore, further efforts need to be spent to push forward this important progress in the control development. This is one of the most motivations of this paper.
In this paper, a new approach based on an integrating between ISMC and NN is developed for tracking control of surface vessels. First, an integral sliding mode control is studied. The advantages and disadvantages of this controller are discussed. Then, in order to enhance the tracking performance of the system, a novel integral sliding surface based on an adaptive NN is proposed, in which the weight's updating law is simplified using the Young's inequality. In addition, the adaptive NN is designed based on the backstepping strategy so that the stability of the system can be guaranteed based on the Lyapunov stability method. The proposed method is then tested for the simulated surface vessels based on computer simulation and compared with other advanced control techniques.
The simulation results confirm the superior performance of the proposed strategy.
In summary, compared with the existing approaches, the novelties of this approach are as follows:
 As far as we know, there are no approaches for the control of surface vessels with the integral sliding mode control method. In addition, there are no approaches in the literature to develop hybrid control method based on integral sliding mode control and adaptive NN. The goal of this paper is to fill in the gap in this interesting field.
 A novel integral sliding surface based on an adaptive NN is proposed. This novelty is very significant in comparing with many other existing approaches. For example, compared to the conventional ISMC [21] [22] [23] [24] , the proposed method possesses the advantages of the adaptive NN, and thus the chattering is much reduced and no requirement on the bounded value of the uncertainties and disturbance is needed. Compared to the conventional adaptive fuzzy logic/NN approaches [32] [33] [34] [35] , the proposed approach possesses higher robustness since it preserves the high robustness property of the ISMC.
Compared to the hybrid SMC and NN [36] [37] [38] [39] or hybrid backstepping, SMC and NN [42] [43] [44] , the proposed approach offers two major advantages: (i) it eliminates the reaching phase and obtains higher tracking precision due to the property of the ISMC, and (ii) the computational load of the system is lower due to the simple adaptation law of the proposed adaptive NN.
 Based on the backstepping control framework, the control design procedure can be performed easier and the stability of the whole system can be guaranteed based on Lyapunov criteria. Although the backstepping control is a well-known technique in the literature, its employment into ISMC and particularly into the hybrid ISMC and NN is relatively new. 
Problem Formulation
Consider the vessels in horizontal motion (only three motion components including surge, sway and yaw are taken into consideration) with the reference coordinate frames illustrated in Fig. 1 O is considered as the center point of the vessel's geometric structure. Based on the defined coordinate frames, the dynamic model of the surface vessels can be described as [32] [33] : 
respectively, the vector
denotes the velocity of the surface vessels in surge, sway and yaw direction in the body fixed frame, respectively. (1) and (2), the dynamics model of the surface vessel can be described as
denotes the nominal component and
denotes the lumped uncertainty in the new defined dynamics model (3).
The expression in (3) can be rewritten in shorter form:
Assumption 1: the lumped model uncertainty is bounded:
where  is an unknown constant. This assumption means that the unknown components in the dynamics system such as structured uncertainties, friction, external disturbance, etc., are bounded, and therefore the system states are bounded. This assumption is usually satisfied in the practical engineering applications. Remark 1: Generally, the lumped model uncertainties, i.e., ( , , )
F t   , of the dynamics model of the surface vessels can be expressed as:
represent the unmodeled dynamics of the system, in which 1 ( , , ) f t   denotes the structured uncertainty, i.e., the difference between the calculated nominal parameters and the real parameters of the matrices  
f t   is used to represent the unstructured uncertainties like friction, etc., in the system, and ( ) d t  is used to express the effects of the external disturbance forces, i.e., wind, waves and currents forces. For the sake of design of controller, all the unknown components in the system are represented by the lumped uncertainties ( , , )
F t   only. Since the vessels work in the unstructured environment, particularly in harsh sea condition, where the effects of the external disturbances, i.e., wind, waves and currents, are very strong, the tracking performance of the system is significantly decreased. Hence, it is necessary to further develop effective controllers to enhance the tracking performance of the system.
Design of Integral Sliding Mode Control for Tracking Control of Surface Vessels
is the trajectory tracking error, where
First, the following filter error is reconstructed as:
where  is a constant.
Differentiating (6) with respect to time and using (4), we have
Based on the system (7), the integral sliding surface is selected as [21, 23] :
where (0) s defines the value of the sliding surface at the time 0 t  . The term of (0) s  is added to get the exciting property that (0) 0   . It means the reaching phase is eliminated. 0 u is the nominal controller, which is designed to stabilize the nominal system (the system without the lumped uncertainty, i.e.,
Differentiating the sliding surface (8) with respect to time, we have
The control input can be chosen as the following form:
where the switching term is selected as follows:
where  is a small positive constant and  is selected as in the Assumption 1.
Inserting the composite controller (10) and (11) into (9), we have
Define a Lyapunov function candidate 1 2
Therefore, based on Lyapunov criterion, we can verify that the stability of the sliding surface is guaranteed.
Design of Neural Integral Sliding Mode Control for Tracking Control of Surface Vessels
In the design of the ISMC for surface vessels in section 3, the sliding gain was chosen based on the assumption that the bounded value of the lumped uncertainty could be known in advance. However, this assumption is difficult to be obtained in advance in real implementations. In addition, suppose that the bounded value can be obtained but big, the sliding gain must be chosen as a big value to guarantee the existing condition of the integral sliding mode control. Unfortunately, since the chattering is proportional to the magnitude of the sliding gain, this approach provides big chattering. In order to eliminate the Assumption 1 and chattering, this section presents the proposed method based on a hybrid NN and ISMC.
Radial Basis Function Neural Network and Lemmas
The radial basis function neural network (RBFNN) is a three-layer feedforward neural network, consisting of one input layer, one hidden layer, and one output layer. The output of the RBFNN can be defined as follows [32] [33] :
where Z and ( ) F Z are the input and output of the RBFNN, respectively. 
where  and  are the center and width of the Gaussian function, respectively. 
Then, the solution ( ) x t is uniformly bounded.
Design of hybrid integral sliding mode control and neural network
Based on the approximation capability of NN, the lumped model uncertainty in (4) can be represented as:
where
T Z    are the NN's weight vector, the radial basis function and the input vector of NN, respectively.  is the approximation error.
Assumption 2: The NN's approximation error  is bounded:
where  is an unknown constant.
From (4) and (18), the dynamics model of the system can be rewritten as:
Differentiating (6) with respect to time and using (20), we have
In the system (21), the new nominal system is defined as 
where (0) s defines the value of the sliding surface at the time 0 t  . 0 u is the nominal controller, which will be designed later, to stabilize the new nominal system, i.e.,  .
Differentiating the sliding surface (22) with respect to time, we have
The control input is now proposed as:
where 0 u is the nominal controller, which is used to stabilize the nominal system and will be designed in the next subsection. The switching term is selected as follows:
where  is a small positive constant and  is selected as in Assumption 2.
Inserting the composite controller (24) and (25) into (23), we have 
Remark 2:
The employed of the NN in this paper is different from the conventional approaches in [32] [33] [34] [35] [36] [37] . In the approaches in [32] [33] [34] [35] [36] [37] , the NN is used as the feedforward compensation term. In contrast, in this paper, the adaptive NN is employed in both the design of the sliding surface and feedforward compensation term in the design of the nominal controller.
Design of nominal controller based on backstepping control technique for the nominal system
From (21), the nominal system can be rewritten as
In order to guarantee the asymptotic stability of the nominal system, the following backstepping design procedure is developed for the system (28):
Step 1: The following is defined as the first sliding error:
Differentiating (29) with respect to time, we obtain
can be considered as virtual control in the above equation. Next, the following stabilizing function is defined as:
where 1 k is a positive constant.
Step 2: In this step, we define second sliding error as below
Then, the derivative of 2 ( ) z t with respect to time is computed as
Remark 3: From (22) and (33) , then we can conclude that 0 u can guarantee the stability of the nominal system  . Therefore, the backstepping control technique developed in this subsection can be used for the nominal controller of (22).
Step 3: In this step, a Lyapunov function is defined as below: 
Applying the Young's inequality, one has [34, 35]      
Then, V  becomes
12 2
Then, the following control input is designed for the nominal system (38) and the adaptive gain is selected as
where  is a design parameter.
Inserting (38) and (39) 
Using the Young's inequality, one obtains [34, 35] 2 2
2
 
Inserting (41) into (40), it yields 
where a=min( min 1 min 2 min
represents the minimum eigenvalue of a matrix. Iterating the inequality (42) from 0 to t , we obtain
It implies that V is uniformly ultimately bounded. From (42) and Lemma 2, we conclude that 1 2 , , z z   are bounded for bounded initial conditions.
Remark 4:
It is worth mentioning that the developed integral sliding mode control in this paper is far different from the so-called integral sliding mode control used in [40, 41] . Consequently, the developed hybrid backstepping control, ISMC and adaptive NN in this paper is far different from the one developed in [43, 44] . In the approaches in [40, 41] and [43, 44] , only integral of the tracking error is used in the design of the sliding surface. The goal of the approaches is to enhance the robustness of the SMC and reduce the steady-state error of the system by adding the integration of the error term into the system, while other properties are similar to the conventional SMC. In contrast, the ISMC developed in this paper used the integration of the nominal system, and therefore, the system can get the three exciting benefits as discussed in the introduction.
Remark 5:
In the conventional adaptive NN, l adaptive rules are needed to adapt l NN's weights, which will increase the computational burden of the system. To reduce the computational load of the system, young's inequality is employed in this paper. According to the rule defined in (37), only one adaptive rule is used for the system. In this sense, the sliding surface (22) can be replaced by the following sliding surface:
Design of adaptive law for the integral sliding mode control
In the developed ISMC presented in section 4.1, the sliding gain is chosen based on the Assumption 2. It means that the NN's approximation error must be known in advance. However, this parameter is difficult to be predicted in advance since this value depends on many factors such as the number of nodes of NN, the variations of the lumped model uncertainty, and so on. Therefore, to remove the assumption in the design, an adaptive law is designed in this subsection to estimate the NN's approximation error  .
The control input is now proposed as
where the nominal controller is designed as in (38) and (39), and the switching term is modified as:
where  is the estimation of the NN's approximation error  . This estimation is adapted by using the following law:
where  denotes the adaptation gain.
Consider a Lyapunov function candidate:
where       is the adaptation error.
Differentiating the above Lyapunov function and using (23), (45)- (47), we obtain
Because 0
. Using Lyapunov criteria, the convergence of  and   to zero are guaranteed.
The block diagram of the developed controller is shown in Fig. 2 .
Remark 6:
In the switching term of the hybrid ISMC and NN described in (25) , the sliding gain  is chosen based on the Assumption 2, whilst in the proposed ANISMC (46) , the switching gain is adapted according to the law (46) . Therefore, the advantage of the proposed ANISMC is that it can eliminate the Assumption 2 in the design and automatically update the switching gain.
Remark 7:
From (47) ( 1
), the adaptation gain  keeps increasing until the sliding surface  equals to zero; this symptom is known as 'parameter drift problem'. Unfortunately, it is very difficult to achieve 0   due to the effects of noise and other imperfect parameters, and thus, the drift problem is always occurred. To prevent the parameter drift problem, the following dead-zone method is used:
where  is a (small) positive constant, which is selected based on experiment. The experiment can be done offline as follows. First, select the big value of the adaptation gain  (   ) to guarantee the existing condition of the sliding mode and observer the sliding error, i.e.,  , when the system is converged. Then, calculate the bounded 
Therefore, we can conclude that the stability of the system is always guaranteed for both    and    .
Remark 8: It can be seen that the adaptive law in (50) remains unchanged or increased only (no decrease).
Therefore, to reduce the 'increase' of the adaptation gain due to the effects of disturbance, the suitable value of  needs to be selected, as discussed in Remark 7. Solving this issue is actually a motivated research topic in the development of adaptive control. This issue will be studied and addressed further in our future work. However, in the literature, some methods have been initially proposed to solve this problem. The interested readers are recommended to refer to [45, 46] for understanding the issue and solving the issue.
Remark 9:
To further reduce the chattering, the sign function can be replaced by a sigmoid function, and thus the controller in (46) can be modified by [21] :
where  is a small positive constant. It can be obtained that
when  is small. It verifies that the stability of the system is still 
Results and Discussions
In order to verify the performance of the proposed method, we implement it in the simulated surface vessel based on Matlab/Simulink environment. The dynamic model used in this simulation can be described as in (1) and (2), where the parameters are selected as below [20] : 
where:
  
The surface vessel is commanded to track the following trajectory:
2.5 1 cos 0.02
The starting position and velocity of the vessels are selected as
In order to demonstrate the effectiveness of the proposed method, we compare it with three representative recent advanced control methods for tracking control of surface vessels, such as sliding mode control (SMC) [21] , adaptive NN [34, 35] (we applied the adaptive NN developed in [34, 35] for tracking control of surface vessel), which was used to design the nominal controller in section 4.2, and the adaptive backstepping sliding mode control (ABSMC), which has been proposed recently in [20] . In addition, we also compare the proposed method with the popular hybrid adaptive NN and SMC (ANSMC) [43] . In order to show the properties of the controllers, we consider the system in two operational conditions. First, a small uncertainty and disturbance is employed. Then, a big uncertainty and disturbance is considered.
First, the system is assumed to work in calm sea condition. For this condition, the following small uncertainty component is assumed:
The uncertainty 1 F is a function of the velocities x  , y  and   only. Hence, it is used to present the model uncertainty like friction of the motor during rotating in the practical applications. In this condition, the external disturbance is assumed to be small, and therefore its effects can be neglected.
Uses five controllers: the ASMC, the ABSMC, the Adaptive NN, the ANSMC and the proposed ANISMC, one by one as the control input into the simulated surface vessel. The simulation results are shown in Figs. 3-4 .
Particularly, Fig. 3 shows the tracking performance of the controllers in the (x-y) space. From Fig. 3 , we can see that all the five controllers provide very good tracking performance for the system. However, as the results shown in Fig. 3 , the Adaptive NN and the ANISMC converge faster than that of the ASMC, the ANSMC and the ABSMC. One interested point which can be picked out from Fig. 3 is that the response of the ANISMC is quite similar to the Adaptive NN; this is because we used the Adaptive NN for designing the nominal controller of the ANISMC. The tracking errors of the controllers are further shown in Fig. 4 . For the sake of comparison, the rootmean-square-error (RMSE) is also reported in Table I , in which the parameters are defined as follows:
where N is the number of simulation steps, ( ) Based on this result, we can conclude that the proposed ANISMC is the best among controllers in both faster convergence speed and lower tracking error for this working condition.
Next, the system is assumed to work in harsh sea condition, and therefore the following lumped model uncertainty is assumed: 
In the practical applications, the assumed uncertainty 2 F is used to represent the strong effects of the external disturbance from environment, i.e., strong wind, waves and currents, etc. Since the effects of the environment are unknown and difficult to be predicted, we used an arbitrary function as expressed in (60) to represent it.
The tracking performance of the controllers are shown in Figs. 6 and 7 and the RMSEs of the controllers are also reported in Table II . Particularly, Fig. 6 shows the trajectory tracking performance of the controllers. From   Fig. 6 , we can see that the SMC, the ANSMC and the Adaptive NN provide worst tracking response and precision for this working condition of the system. Due to the effects of the assumed uncertainties, there are oscillatory in the tracking errors of the SMC, the ANSMC and the Adaptive NN. On the other hand, as shown in Fig. 6 , the proposed ANISMC converges faster and provides better tracking performance than the ABSMC, the ANSMC, the SMC and the Adaptive NN. Fig. 7 and Table II show the tracking errors of the system in three x-axis, y-axis and  -axis. From Fig. 7 and Table II, Therefore, based on the presented and analyzed results, we can conclude that when considering the performance of the controllers in terms of tracking precision, convergence speed, control efforts, the proposed method, i.e., ANISMC, is the best among the compared controllers in this simulation study. Remark 12: In this paper, the effects of the input saturation of the actuator have not been considered during the design of the controller. Thus, the control efforts of the controllers may violate the constraints of the actuator for some circumstances in practical applications. Solving this issue will be investigated in the future works. However, in the literature, several algorithms have been developed to deal with the input saturation issue. Among them, the most popular methods have been described in [47] and [48] . Particularly, in [47] , the Nussbaum function has been developed to compensate for the nonlinear term generating by the effects of the input saturation. In [48] , the auxiliary design system has been introduced to tackle the saturation effects. The interested readers are
Adaptive gain
recommended to refer to [47] and [48] for solving the input saturation issue.
Conclusions
The paper has been initialized by reviewing the gaps in developing controllers for the tracking control of surface vessels. Then, in order to fill in the gaps and enhance the tracking control for surface vessels, a novel adaptive neural integral sliding mode control has been proposed. By developing a new adaptive integral sliding mode surface, the proposed method preserved many interested features such as eliminating the reaching phase, providing fast transient response, reducing the chattering, and eliminating the requirement on the prior knowledge of the bounded value of the uncertainty and disturbance. The stability of the whole system has been proved thoroughly based on Lyapunov criteria via the backstepping control framework. The comprehensive comparisons with other state-of-the-art control methods have been done for an example of tracking control of surface vessels.
The results demonstrated the superior performance of the developed control strategy.
Since this paper focused on developing a novel adaptive neural integral sliding mode surface, the other complex issues for the dynamics model of the system such as input saturation or actuator fault, etc., have not
been considered yet. The issues will be studied and investigated in the future works.
